Diffusion can drive significant solute transport over millions of years, but ancient brines and large salinity gradients are still observed in deep sedimentary basins. Fluid flow within abnormally pressured beds may prevent diffusive transfer over geologically significant periods, if the abnormally pressured bed is surrounded by normally pressured beds. Analytic solutions based on sediment loading and unloading demonstrate that this effect should be considered in beds with a compressibility exceeding 10 À8 Pa À1 , with a thickness of 100 m or more, or a sedimentation rate exceeding
INTRODUCTION
Knowledge of large-scale solute transport is critical for understanding such processes as petroleum migration, carbonate-hosted lead-zinc ore formation and sediment diagenesis. Brines in sedimentary basins can act as long-term natural tracers, and thus provide an important avenue for investigating large-scale solute transport and diagenetic reactions. Geochemical studies have focused on the clues to basin history and diagenesis that are preserved in brines, but the migration of subsurface fluids and potential flushing of solutes by shallow topography-driven flow systems has led to questions regarding the residence time of brines in sedimentary basins. Studies focusing on Br-Cl ratios in brines have suggested that ancient evaporatively concentrated brines have been preserved in sedimentary basins for hundreds of millions of years (Spencer 1987; Connolly et al. 1990; Walter et al. 1990; Stueber & Walter 1991) . In contrast, hydrogeological models of topography-driven flow suggest that brines could be completely flushed from huge sedimentary basins in less than 5 million years (My; Deming & Nunn 1991; Appold & Garven 1999) . Although geochemical studies based on Br-Cl ratios are subject to uncertainty (Hanor 1987) , it is possible that solute removal from sedimentary basins has been significantly overestimated in hydrogeological simulations.
Residence times in hydrogeological simulations can increase if the permeability of sediments is reduced. Specifically, reducing the permeability of deep sediments would limit the depth of topography-driven freshwater flow systems and increase the residence time of brines in the deepest parts of the basin. Simply reducing the permeability may not be sufficient to preserve brines, however, because diffusion would still occur. Diffusion can lead to significant loss of solutes over millions of years (Ranganathan & Hanor 1987; Ranganathan 1993) , and this loss should prevent the longterm maintenance of brines in basins lacking evaporites. Where evaporites are present, this loss should lead to significant dissolution of evaporites, which is counter to the Br-Cl ratios observed in geochemical studies. Although topography-driven flow can be an important factor in determining the distribution of salinity in sedimentary basins, understanding the long-term maintenance brines at depth requires that we identify some means of limiting diffusive loss of solutes from sedimentary basins. This paper examines conditions under which advection within abnormally pressured beds constitutes a barrier to solute transport in sedimentary basins. 'Abnormal pressure' refers to fluid pressure above or below hydrostatic pressure. In our conceptual model, the abnormal pressures need not be large, but the abnormally pressured bed must be drained at the upper and lower boundaries (Fig. 1) . The beds must also be of large lateral extent. Advective transport from a permeable bed across the full thickness of the abnormally pressured bed to another permeable bed does not occur because of the requirement that the bed be drained. Dispersive transport across the bed is likewise excluded because, by definition, neither longitudinal nor transverse dispersion can act opposite to the direction of advection. Under these conditions, fluid expulsion associated with overpressures presents an intuitively reasonable barrier to diffusive solute transport (Fig. 1A) . Fluid flux out of the bed prevents diffusive solute flux across the bed. In underpressured beds (Fig. 1B) , inward flow may draw solutes in from one side of the bed but prevent continued migration across the other half. We present analytic solutions that can be used to assess the effectiveness of abnormally pressured beds in preventing diffusive transport.
MATHEMATICAL MODELS
The ability of abnormally pressured beds to prevent solute transfer can be evaluated by comparing the diffusive flux of solutes to the advective flux associated with abnormal pressures. Analytic solutions for advection, diffusion and time constants associated with the development and dissipation of abnormal pressures are presented below. Advective and diffusive solute fluxes within sedimentary beds are then compared using the Peclet number.
Diffusion
Diffusion dominates mass transfer when fluid flow rates are very small. According to Fick's law, diffusive transport depends only on the diffusion coefficient and the chemical gradient
where J is the diffusive flux, D Ã is the effective coefficient of molecular diffusion in the porous medium, and c is the concentration. The effective diffusion coefficient has been expressed in several different forms, but, in general, is agreed to depend on the chemical diffusivity of the solute in water and the porosity and tortuosity of the porous medium (Greenkorn & Kessler 1972 )
where D m is the coefficient of molecular diffusion in water, f is porosity, and x, the tortuosity, is defined by Bear (1972; p. 110)
where p e is the actual distance of travel in a porous medium and p is the straight-line distance of travel. D m is also a function of temperature and viscosity. The effective coefficient of diffusion for a wide range of conditions in the Gulf of Mexico basin has been calculated to range from 3600 to 11 000 m 2 My À1 (1.1 Â 10 À4 to 3.5 Â 10 À4 m 2 sec À1 ; Ranganathan & Hanor 1987) . We apply these bounds to sedimentary basins in general.
Advection in abnormally pressured beds
We calculate the advective flux in abnormally pressured beds as a function of sediment loading and unloading, because these processes are the best documented means of generating overpressures and underpressures (Osborne & Swarbrick 1997) . The equation governing fluid flow during one-dimensional consolidation in a homogeneous porous medium can be written as (see Domenico & Palciauskas 1979 where h is the hydraulic head, K is the vertical hydraulic conductivity, a v is the vertical compressibility of the bed, G is the loading rate (change in stress per unit time) and S s , the specific storage, is
where r is the density of water, g is the gravitational acceleration, f is the porosity and b is the compressibility of water. The distribution of hydraulic head for a compressible bed overlying an impermeable layer and subjected to continuous loading or unloading can be calculated analytically based on an analogous solution for heat transport (Carslaw & Jaeger 1959; p. 130) hðz; tÞ
where h o is the hydraulic head at the upper boundary, B is the thickness of the bed, z is the distance above the impermeable base and t is time since the onset of loading or unloading. We note that this solution is not strictly applicable in areas with large salinity gradients because it assumes a constantdensity fluid. In the case considered here, however, sediment compaction is a much stronger driving force for flow than density gradients. Any uncertainty introduced by applying the constant-density solution is very small compared to uncertainties associated with rock permeability and compressibility.
At late time (t ! 1), the solution approaches
Differentiating equation (5) and multiplying by K yields the Darcy flux at the boundary of the sedimentary bed (at z ¼ B):
For drained compressible beds of thickness L, the symmetry boundary at the midpoint of the bed replaces the impermeable bed in the above derivation. In this case, the solution applies to only half of the bed, and we replace B with
Once a quasi-steady state has been reached, outflow at the boundary of the bed thus depends only on compressibility, loading rate and the thickness of the bed. The rate of advection into or out of the sedimentary bed is independent of hydraulic conductivity at late time (Bethke 1985) because, although Darcy's law does apply, the solution for hydraulic head is inversely proportional to hydraulic conductivity (Equation 7). The compressibility of clay during compaction normally falls between 10 À6 and 10 À8 Pa À1 (Domenico & Mifflin 1965) . The compressibility of clay during unloading depends on the elastic compressibility of the sediment grains rather than the nonrecoverable rearrangement of grains that occurs during loading. Thus, clay compressibility during unloading is towards the lower bound of clay compressibility, of the order of 10 À8 Pa À1 .
Sedimentation rates in the Gulf of Mexico basin are of the order of 10 À2 -10 À4 m year À1 (Sharp & Domenico 1976) .
Average sediment accumulation rates in intracratonic basins are of the order of 10 À5 m year À1 , and as low as 10 À5 -10 À6 m year À1 in abyssal plain settings (Schwab 1976) . Average sediment accumulation rates differ from true sedimentation rates because they may include periods of uplift, nondeposition and erosion (Schwab 1976 ), but they are indicative of the range of sedimentation rates in different depositional settings. The hydraulic conductivity of the compressible bed affects the rate at which abnormal pressures develop and dissipate. The time required for abnormal pressures to reach a quasisteady state or to dissipate when sedimentation ceases is approximated by (Helm 1975 
The hydraulic conductivity of shales and clays may range from 10
À8 to 10 À16 m sec À1 (Neuzil 1994) . For a bed with a thickness of 100 m, t is less than 10 My for any hydraulic conductivity greater than 10 À13 m sec À1 (Fig. 2) .
Advection versus diffusion
The Peclet number compares advective flux to diffusive flux
where ' is the characteristic length. Assuming ' is the thickness of the bed in question and quasi-steady state conditions are approached (Equation 9), the Peclet number becomes
For Pe ( 1, diffusion dominates, and for Pe ) 1, advection dominates. For Pe value near to 1, both processes are of subequal importance.
RESULTS AND DISCUSSION
Figure 3 shows advection rates and Pe for a 100-m-thick bed as a function of compressibility and sediment deposition rate for upper-and lower-bound diffusion coefficients. Advection dominates over diffusion where Pe > 1. For the most compressible clays, Pe exceeds 1 for any sedimentation rate above 10 À4 m year À1 (Fig. 3B,C) . For clays 100 m thick with a compressibility of 10 À8 Pa À1 , sedimentation or erosion rates are unlikely to be high enough to allow advection to counter diffusion. The Peclet number is a function of the square of the thickness of the compressible bed (Equation 7). Thus, for a 1000-m-thick bed with a compressibility of 10 À6 Pa À1 , the Peclet number would exceed 1 for any sedimentation rate above 10 À6 m year
À1
. For a bed 1000 m thick with a compressibility of only 10 À8 Pa À1 , advection would not begin to dominate diffusion until the sedimentation rate or erosion rate exceeded 10 À4 -10 À5 m year À1 .
Membrane filtration and osmosis
Membrane filtration and osmosis are not commonly thought to be significant in sedimentary basins (Hanor 1994 ), but, similar to our conceptual model, these processes have been linked to large salinity gradients and overpressures (Hanshaw & Zen 1965; Graf et al. 1966; Marine & Fritz 1981; Graf 1982) . Membrane filtration and osmosis depend on the ability of clays carrying a negative surface charge to limit movement of charged ions while allowing passage of neutrally charged water molecules. During membrane filtration, a large head gradient provides the driving force for flow across the membrane, and overpressures on one side of the membrane are required to create the necessary head gradient. During osmosis, water molecules migrate across the membrane in response to a large salinity gradient. In environments lacking hydraulic 'drains', overpressures on the saline side of the clay would presumably grow until the pressure potential was able to balance the chemical potential driving osmosis. As reviewed by Graf (1982) , membrane filtration has been suggested as a brine-forming process in several settings, including the Alberta, Illinois, San Joaquin and Gulf of Mexico basins. Osmotic flow of water through clays has been demonstrated in a field experiment, and is predicted to operate until the chemical gradient is diminished by diffusion (Neuzil 2000) . However, the roles of membrane filtration and osmosis as important brine-forming mechanisms remain controversial because of difficulty establishing the membrane efficiency of shales in sedimentary basins and eliminating other potential controls on brine formation (Neuzil 1986) .
The salinity profiles associated with membrane filtration and our proposed abnormally pressured beds may be difficult to distinguish, especially given limited knowledge of pressure and salinity within low-permeability beds (Neuzil 1986 ). Overpressured beds should sustain high salinity gradients, with the internal salinity depending on the salinity within the bed at the onset of overpressure (Fig. 4A) . The salinity inside underpressured beds should be characterised by high salinity on one side, lower salinity on the other side and mixing by diffusion in the centre of the bed (Fig. 4B) . Membrane filtration and osmosis should also sustain high salinity gradients (Fig. 4C,D) , with the internal salinity varying as a function of the membrane efficiency and hydraulic head (Bredehoeft et al. 1963) . The pressure profiles needed to sustain high salinity gradients across abnormally pressured beds are fundamentally different from those of membrane filtration and osmosis. Abnormally pressured beds should show opposite pressure gradients at each boundary (Fig. 4A,B) . Such gradients may be difficult to detect in the field, because measurements of hydraulic head in permeable rocks do not provide sufficient information about pressure in intervening low-permeability beds (Neuzil 1986 ). For membrane filtration and osmosis, pressure should be high on one side and low on the other side (Fig. 4C,D) .
Although it is convenient to consider transport across homogeneous shales of infinite lateral extent, real shales are heterogeneous, fractured and discontinuous. Neuzil (1986) noted that permeable fractures could 'short-circuit' membrane filtration. Fractures would alter the flow-field within abnormally pressured beds (Fig. 5) , but likely preserve their ability to block solute transport. Outward flow in the centre of matrix blocks might be reduced compared to the unfractured case, but outward flow in the fractures could continue to prevent advection of solutes across the shale.
Discontinuities in shales can act on a larger scale and should affect membrane filtration, osmosis and abnormally pressured beds differently. For the end-member case of very discontinuous shales ( Fig. 6 ; shale A), neither pressure gradients nor salinity gradients could be maintained, which would preclude the development of membrane filtration or osmosis. Although abnormal pressures could still develop locally within the shales, significant solute transport would occur between the shale beds.
Very widely spaced discontinuities, for example, at structural arches or basin margins ( Fig. 6 ; shale B), should contribute to the ability of abnormally pressured beds to act as barriers to solute transport, because this type of discontinuity should prevent large overpressures from developing beneath the bed. The bed would thus be drained along the upper and lower boundaries, as required for our model. Osmosis could operate under these conditions as long as a large salinity gradient could be maintained, but membrane filtration would be prevented, because the necessary pressure gradients could not develop. Only the deepest shale (C) has the geometry to sustain membrane filtration.
Development of drained abnormally pressured beds
Drained abnormally pressured beds that are capable of preventing solute transport appear most likely to develop under relatively shallow conditions in sediments on their first cycle of burial. Not only does the compressibility of sediments decrease with depth, but relatively shallow permeable aquifers may also be more likely to serve as regional drains than deep, less permeable rocks. Numerical simulations suggest that drained abnormally pressured beds developed in the San Joaquin Basin of California (Wilson et al. 1999 ), but they are unlikely to be detected in field settings because there are few records of pressure in relatively isolated lowpermeability beds.
Drained underpressured beds are present in foreland basins along the east flank of the Rocky Mountains. Underpressures have developed in thick Cretaceous shales because of erosional unloading (Neuzil & Pollock 1983; Corbet & Bethke 1992; Bachu 1995) , and deep aquifers beneath these shales are well connected to distant discharge zones (Belitz & Bredehoeft 1988; Bachu 1995) . The ability of these rebounding beds to prevent solute transport is hindered by the relatively low elastic compressibility involved for well-compacted shales, but the great thickness of the shales compensates.
We note that chemical reactions in the subsurface may also affect fluid flow. Kerogen maturation and gas generation, in particular, may create overpressures (Chaney 1950; Hedberg 1974 ) that could contribute strongly to the ability of organicrich mud and shale beds to act as barriers to solute transport. Dehydration reactions also have the potential to cause flow significant enough to prevent solute transport. The volume changes associated with dehydration reactions are difficult to determine for many reactions and generally appear small, but the conversion from gypsum to anhydrite can create a 40% volume change (Hanshaw & Bredehoeft 1968 ). This change occurs at approximately 408C, or, given a normal geothermal gradient, roughly at 1.5 km depth. Fluid flow and solute transport within evaporite beds is poorly understood, but if the reaction were to proceed rapidly, it could drive substantial flow vertically away from the bed.
The Alberta basin
In the Alberta basin (Fig. 7) , Br-Cl ratios in deep brines suggest that ancient evaporitic brines have been retained at depth (Connolly et al. 1990 ), but oxygen isotopic analyses and hydrogeological evidence support rapid flushing by topography-driven flow (Clayton et al. 1966; Hitchon et al. 1971; Garven 1985 Garven , 1989 Bachu 1995) . The modern hydrodynamics of the basin include three-dimensional topographydriven flow systems in Cretaceous and Upper Devonian rocks that surround thick, underpressured Cretaceous shales near the foreland fold and thrust belt (Hitchon 1969a,b; Tó th & Corbet 1986; Corbet & Bethke 1992; Bachu 1995; Bekele 1999) .
The modern distribution of salinity suggests a balance between topography-driven freshwater influx and evaporite dissolution (Fig. 7B) , and recent simulations of brine flushing support a balance of this type (B. Rostron, personal communication 2002). We suggest that simulations that assume steady-state fluid flow may overpredict the rate of dissolution of evaporites because the underpressured Cretaceous shales appear to meet our criteria for drained abnormally pressured beds, and abnormal pressures develop through an inherently transient process.
Topography-driven flow and abnormal pressures have likely coexisted in the Alberta basin over the last 60 My. Topography-driven flow probably reached its peak at the time of maximum uplift (55-60 Ma) and waned somewhat during subsequent erosion (Garven et al. 1993) . Erosional unloading over the last 60 My is thought to have created underpressures in the thick shales of the western part of the basin (Corbet & Bethke 1992; Bachu 1995) and in similar basins to the south (Neuzil & Pollock 1983) . Based on estimates of sediment removal since the time of maximum uplift (Nurkowski 1984) , average unloading was of the order of 10 À5 m year À1 . Compressibility was likely low during elastic rebound, close to 10 À8 Pa À1 , but the Cretaceous shales are up to 1 km thick. For a 1-km-thick bed, these conditions correspond to a Pe value close to 1, indicating that inward flow in underpressured 1-km-thick Cretaceous shales could have reduced or prevented diffusion over the last 60 My. These calculations suggest that ancient evaporatively concentrated brines could coexist with a vigorous topography-driven flow system in the Alberta basin. The Cl À concentration gradient is highest in an approximately 1-km-thick zone centred on the lower Cretaceous (Fig. 7) , which is consistent with topography-driven flow extending as deep as the upper Cretaceous beds. Our model for reduced diffusion across the Cretaceous shales provides a means by which solute transfer between the deeper part of the basin and the topography-driven flow system could have been restricted, thereby allowing original evaporatively concentrated brines to be preserved for at least 60 My after the onset of topography-driven flow.
The Illinois basin
Previous studies of the Illinois basin have documented the presence of concentrated brines, but no halite deposits capable of maintaining those brines during topography-driven flow (Graf 1982; Ranganathan 1993) . Walter et al. (1990) identified a gradient in Br-Cl ratios across the New Albany shale (Fig. 8 ) that indicated different brine histories above and below the shale (Fig. 8B) , and the presence of this gradient suggests the possibility of limited transport across the shale. Ranganathan (1993) used the shale as a lower boundary for flow and transport calculations, citing a lack of clear differences in salinity across the New Albany shale in the data of Meents et al. (1952) . The data of Stueber & Walter (1991) confirm that salinity is similar in fluids above and below the New Albany shale (Fig. 8C ), but shows an overall increase in salinity with depth. The correlation between salinity and depth, rather than position relative to the dipping New Albany shale, suggests that the shale may not affect solute migration. We consider here whether abnormal pressures in the New Albany shale could have provided a barrier sufficient to isolate fluids above the New Albany from deeper fluids. Deposition of 1.0-1.4 km of sediments above the New Albany shale during Mississippian and Pennsylvanian time indicates an average deposition rate of the order of 10 À5 m year
À1
. Assuming a thickness of 100 m for the New Albany shale (Cluff et al. 1981) , the Peclet number approaches 1 for a vertical compressibility of 10 À6 Pa À1 . This estimate represents an upper bound in terms of compressibility and bed thickness. Coal maturity suggests that approximately 1 km of sediments were deposited during the Permian time (Damburger 1971) , corresponding to a sedimentation rate again of the order of 10 À5 m year
. Simulations of compaction-driven flow in the basin (Bethke 1985) suggest that a thick overpressured zone did not develop and Abnormally pressured beds 209 that compacting shales were indeed adequately drained. We note that the New Albany is believed to be the primary petroleum source bed within the Illinois basin (Barrows & Cluff 1984) , and petroleum generation and expulsion would have been greatest during maximum burial in Pennsylvanian through Permian time. These processes could have contributed to overpressures in the shale, which support the possibility that concentration gradients could have been maintained across the New Albany shale from the time of its deposition through the Permian, a period of more than 115 My. It is more difficult to determine whether overpressures sufficient to prevent solute transport could have been maintained in the New Albany shale after the end of deposition. According to Equation 5, overpressures could persist for up to 100 My in a bed 100 m thick with a compressibility of 10 À7 Pa À1 and hydraulic conductivity of 10 À15 m sec À1 . It appears unlikely that overpressures persisted for so long in the New Albany shale because, aside from uncertainties regarding the compressibility and hydraulic conductivity of the shale, erosion of Permian sediments would speed the dissipation of the overpressures. Diffusion and even advection have probably been active across the New Albany shale over at least the last 150 My and possibly since the end of Permian deposition approximately 250 Ma. In the light of these calculations, we revisit the Br-Cl ratios of Walter et al. (1990) . These ratios suggest that brines below the New Albany shale are derived from evaporatively concentrated sea water, whereas brines above the New Albany shale have acquired solutes from dissolution of evaporites ). The modern presence of measurable differences in Br-Cl ratios across the shale suggests that halite dissolution must have ended relatively recently because diffusion would otherwise have eliminated these differences. Determination of exactly how recently halite may have been present in the basin requires consideration of topographydriven advection as well as diffusion and is, therefore, beyond Stueber & Walter (1991) .
the scope of this work, but it is unlikely that the observed Br-Cl differences could have persisted since the Permian period without later dissolution of evaporites.
We also note that halite dissolution above the New Albany shale would substantially reduce salinity gradients, and could therefore be a very effective way of reducing diffusive loss of solutes from deeper in the basin. These results indicate that future hydrogeological studies of brine maintenance in the basin should consider transport across the New Albany shale and the possibility of post-Permian dissolution of evaporites.
CONCLUSIONS
Abnormally pressured beds are capable of acting as barriers to diffusion over millions of years. When abnormal pressures are generated by sediment loading or unloading, the ability to act as a barrier depends on the thickness and compressibility of the bed and the rate of sediment loading or unloading. For other causes of abnormal pressures, this ability depends on the thickness of the bed and the rate of change of pore or fluid volume. Compacting muds on their first cycle of burial may be the most effective barriers because of their high compressibilities, but even elastic unloading can affect solute transport for sufficiently thick beds. Petroleum generation and expulsion are likely to contribute to the ability of muds and shales to reduce solute transport. Dehydration reactions generally appear unlikely to create conditions that could block diffusion, with the possible exception of the conversion of gypsum to anhydrite.
The ability to sustain large concentration gradients is one of the chief characteristics of our conceptual model for abnormally pressured beds, but membrane filtration should also have this capability. We note that the large pressure gradients required to drive membrane filtration or osmotically balance large salinity gradients conflict with our conceptual model of drained abnormally pressured beds. Thus, the presence of a large salinity gradient in the absence of a large pressure gradient across a shale bed distinguishes abnormally pressured beds from membrane filtration. In addition, expulsion of fluids from compacting beds appears to be a much more robust mechanism for maintaining salinity gradients than membrane filtration in the presence of heterogeneity and discontinuities.
Conditions favourable to our model for overpressured beds as barriers to solute transport are geologically common and likely exist in the modern Alberta basin. In the Alberta basin, underpressured Cretaceous shales may have acted as a barrier to solute transport over the last 60 My, thus allowing ancient evaporatively concentrated brines to be preserved beneath a vigorous topography-driven flow system. Drained overpressured beds may have developed in the Illinois basin during the Pennsylvanian and the Permian time, but our calculations suggest that it is very unlikely that the New Albany shale has acted as a barrier to solute transport over the last 150-250 My. Future studies of brine migration in the basin should consider transport across the New Albany shale and the dissolution of halite above the shale, which must have occurred relatively recently to explain the difference in Br-Cl ratios between modern brines above and below the shale.
